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Effect of protamine on the permeability and structure of rat peritone-
urn. The effect of protamine, a polycationic protein, on the mesothelial
permeability and ultrastructure was evaluated in a rat model of perito-
neal dialysis. The peritoneal permeability to urea and inulin were
measured after the intraperitoneal instillation of protamine sulfate in
varying concentrations. A functional correlation was made with the
ultrastructure of omentum. Protamine concentrations between 5 and 30
ig/ml decreased the permeability to inulin without significantly altering
that of urea. At concentrations from 30 to 75 g/ml. protamine
increased permeability to urea by 50% and to inulin by 20%. Mesotheli-
al cells revealed a loss of microvilli and minor degrees of disorganiza-
tion of submembranous, cytoplasmic microfilaments without significant
changes in the intramembranous structure of occluding junctions.
Effects were partially reversible. At a concentration of 100 g/ml, there
was an irreversible doubling in permeability to inulin without a compa-
rable effect on permeability to urea associated with the disruption of
occluding junctions in focal areas. This complex response to protamine
suggests at least two transperitoneal diffusion pathways. transcellular
and paracellular. The mesothelial cell occluding junctions may be a
diffusion barrier in the latter pathway.
Effet de Ia protarnine sur Ia perméabilité et Ia structure du péritoine de
rat. L'effet de Ia protamine, une proteine polycationique, sur Ia
perméabilité mésothéliale et l'ultrastructure a ëté évalué dans un
modèle de dialyse péritonéale du rat. La perméabilité péritonéale a
l'urée eta l'inuline a étë mesurée après l'instillation intra-péritonéale de
sulfate de protamine a diverses concentrations. Des correlations fonc-
tionnelles ont te faites avec Ia structure de l'épiploon. Des concentra-
tions de protamine de 5 et 30 ig/ml diminuent Ia perméabilité a l'inuline
sans modifier significativement celle de l'urée. A des concentrations de
30 a 75 pig/mI Ia protamine augmente Ia perméabilite a l'urëe de 50% et a
l'inuline de 20%. Les cellules mésothCliales ont perdu leurs microvillo-
sites et il apparait un certain degré de desorganisation des microfila-
ments cytoplasmiques sous-membranaires sans modification de Ia
structure intramembraneuse desjonctions. Les effets sont partiellement
réversibles. A Ia concentration de 100 pig/mI il apparait un doublement
irreversible de Ia perméabilite a l'inuline, sans effet comparable sur Ia
permeabilite a l'urée, associée a Ia rupture focale des jonctions. Cette
réponse complexe a Ia protamine suggère au moms deux voies de
diffusion transpéritonéale. transcellulaire et paracellulaire. Les jonc-
tions des cellules mésothéliales peuvent être une barrière de diffusion
pour Ia voie para-cellulaire.
Attempts have been made to enhance peritoneal permeability
to molecules of "small" or "middle" size, the retention of
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which is thought to lead to clinical manifestations of the
azotemic state. These attempts have primarily focused on
intraperitoneal use of vasoactive agents which are assumed to
increase peritoneal blood flow and solute delivery. As a conse-
quence, diffusional and/or convective flow across the peritoneal
membrane is enhanced [1, 2, 31.
Little attention in past studies has been paid to the selective
role that various membrane pathways may play in the transperi-
toneal transfer of molecules during peritoneal dialysis. Al-
though dextrans measuring up to the molecular radius of 50 A
can pass into the peritoneal cavity [4], diffusion of smaller
molecules is nevertheless restricted. This finding is indicative of
the complex nature of the peritoneal membrane barrier. Al-
though the capillary and interstitial space might restrict diffu-
sion to some extent, the single layer of mesothelial cells joined
together by occluding junctions form a potentially important
final barrier. Even the mesothelial cell layer, however, is not
homogeneous. Cells may differ from region to region so that
transcellular diffusional permeability to small molecules (that is,
urea) through two cell membranes in a series may not be
homogeneous. Diffusion of larger water-soluble molecules
("middle molecules") might be expected to primarily take a
paracellular route through a short, unstirred, intercellular space
and tight junction [5]. In addition, in regions overlaying the
diaphragm, apparent discontinuities in the mesothelial layer
have been described [6] where diffusion of large molecules,
(that is, proteins), could proceed directly through lymphatic or
capillary vessels into the peritoneal cavity via "lacunae" or
openings 4 to 12 .t in diameter. The functional significance of
each of these potential transperitoneal paths would depend not
only on the size, charge, and polarity of the molecular probe but
also on the relative "effective pore" area available for diffusion
across each separate barrier.
Cationic proteins, such as protamine sulfate, can alter perme-
ability as well as morphology of certain epithelia, that is, the
glomerularepithelium [7,8,91 and that of the Necturus gallblad-
der [10]. In glomerulus. it is postulated that polycationic
proteins neutralize fixed-negative charges associated with base-
ment and/or epithelial cell membranes. This postulate, if true, is
thought to be responsible for increased protein permeability [9].
Our study explores the effect of the positively-charged prota-
mine sulfate on the peritoneal permeability and structure of rat
omentum.
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Methods influx was driven exclusively by diffusion. The following equa-
tions describe the experiment:
Peritoneal dialysis was performed in 26, male, Wistar rats
weighing 250 to 400 g. Dialysis procedures used were modifica-
tions of those described by Brown et al [2].
Dialysis technique. Animals were anesthetized by an intra-
peritoneal injection of mactin® and placed on a constant
temperature table. A tracheostomy was performed, Rectal
temperature was monitored throughout the experiment. To
maintain constant blood levels of 3H-inulin and urea, a half-
normal, saline solution containing 10 1iCi/ml of 3H-inulin with
0.5 mglml of carrier inulin and 50 mg/mI of urea was infused at a
rate of 0.8 ml/hr into the jugular vein (Razel Pump, Stamford,
Connecticut, USA). At the beginning of the experiment, 300 p.1
of this solution were given to the rats as a priming dose.
Peritoneal dialysis was performed via a shortened, sterile,
trocath catheter (McGaw Laboratories) inserted in the peritone-
al cavity through a midline incision, In order to exclude net
____________________________
water and solute movement as a result of osmotic gradients
across the peritoneal membrane, isotonic Ringer's lactate was
used as the dialysate. Following the injection of the priming
dose, several washes of the peritoneal cavity were performed
with Ringer's lactate in order to remove accumulated 3H-inulin
and urea and to ensure satisfactory drainage indicated by a full
_______
return (l ml) of the infused dialysate volume within 3 mm.
Three control cycles were then performed using either 25 or
30 ml of dialysate, depending on the size of the animal.
Dialysate was infused within 30 sec, remained in the peritoneal
cavity 12 mm (dwell time), and was allowed to drain in 3 mm.
Thus the duration of each cycle was 15 mm.
In the next 3 cycles, protamine sulfate (Eli Lilly Company,
Indianapolis, Indiana, USA) was added to the dialysate so that
final concentrations ranged from 5 to 100 p.gIml. After comple-
tion of the final protamine cycle, 25 to 30 ml of dialysate
containing heparin was instilled in the peritoneal cavity for 30
mm at a concentration required to completely neutralize the
amount of protamine sulfate used (1 mg of commercially
available protamine sulfate is neutralized by 90 U of heparin).
Finally, 3 recovery cycles were performed using Ringer's
lactate alone.
In the middle of each 15-mm cycle a 50-1d blood sample was
obtained from the tail vein in heparinized capillary tubes for the
determination of 3H-inulin and urea concentrations. 20 p.1 of
plasma were pipetted into an Aquasol® solution (New England
Nuclear, Boston, Massachusetts, USA) and counted by a liquid
scintillation counter (Mark IV-Nuclear Chicago, Chicago, Illi-
nois, USA). The plasma urea concentration was determined
from 10 p.1 aliquots by the method of Berthelot and Nessler [111,
(Biodynamics Kit, Boehringer Mannheim Biochemicals, India-
napolis, Indiana, USA). 3H-inulin and urea were measured from
200 p.l aliquots of the peritoneal drainage obtained at the end of
each cycle.
Determination of peritoneal permeability. Because molecular
transfer across the peritoneum is thought to involve only
passive processes, we have analyzed our data in a fashion
similar to that presented by Gosselin and Berndt [121.
The quantity of H3-inulin or urea transferred into the perito-
neal cavity per unit of time is given by CdV/t. Under our
experimental conditions, there was an absence of net water
movement across the peritoneum; thus we assumed that the
CdV
— = PA'C
= C,, - Cd.
In the above equations, P equals the composite permeability of
peritoneal membrane, cm/mm; A, the effective peritoneal area
available for diffusion, an unknown parameter, cm2; C, con-
centration gradient for urea or 3H-inulin; Cd and C1,, concentra-
tion of urea or H3-inulin in dialysate or plasma, respectively
(mg/mI or cpm/ml); V, volume of dialysate (25 or 30 ml); and t,
time in mm.
We chose to handle this equation in the nonintegrated form' to
derive a permeability term, PA, for each experimental phase;
'VCd/C,, — Cd = Kt can be integrated in the following manner:
1Cd Cd K t
C,, — Cd
= dt (I)
[CP—Cdl K
_ln[ c
C -Cd —.
=e V (2)
p
Using an infinite series expansion for e"
C,,-Cd K 1K \2
C = — t + 1/2 \V t) . (3)
Using only the first order approximation:
K = Y/C (4)
which is recognized as the "classic" clearance expression, K (mI/mm)
equal to the quantity of a substance appearing (and removed) from the
peritoneal cavity per unit time divided by its plasma concentration.
Note that the K derived from equation (4) is an expression for influx
only (C,,K = VCd/t) and does not include a driving force for backflux
out of the peritoneal cavity, however small that may be.
More precision is obtained by considering the second order approxi-
mation. Multiplying equation (3) through by:
C,,
C=Cd V 2 V2
VCdK(l K
Ct
—
k 2V
since Kt/V = Cd/C,, from the first order of approximation, then
VCdK(l Cd
Ct
—
2C,,
Fig. 1. Representative experiment: Per,ne-
ability to inulin (left) and urea (right) is
determined graphically by summing and
plotting VCjc., — Cd!2 on the ordinate for
each 15-mm dialysis cycle. Average per-
meability during each experimental phase
is determined by the slope. Note that the
ordinate scale for urea is twice that of
inulin. in recovery (•, dotted curve), per-
meability decreases with time as it ap-
proaches control (•) values. Permeability
measured during recovery was corrected
for time-dependent changes.
control, protamine, and recovery. Assuming the effective area
does not change with time or after an experimental maneuver,
we define the "effective" permeability as K = PA, henceforth
referred to as simply, permeability. Each clearance period was
15 mm, and at the end of the period, fluid in the peritoneal
cavity was removed and replaced by fresh dialysate. Therefore,
during this short time frame, backflux from the peritoneal
cavity was small compared to influx. Assuming a linear influx
and backflux during the short time frame of each clearance
cycle, the product of C, — Cd12 (the average concentration
gradient) x K, should yield the rate at which test molecules
accumulate in the peritoneal cavity, CdV/t. Thus, at the end of
the cycle:
CdV!t = [Cp — (Ca!2)JK.
IfCdV/[CP — (Cd/2)1 (ml) is calculated, summed, and plotted for
each cycle, the slope of the resulting curve represents the
average permeability, K in units of ml!min (Fig. 1). This method
is equivalent to numerical averaging.
A group of 6 rats underwent 9 consecutive cycles of peritone-
al dialysis using protamine-free, Ringer's lactate dialysate in
order to determine whether peritoneal permeability to inulin
and urea remains constant with time. Since there was a small,
time-dependent change, permeabilities derived from these ex-
periments are later referred to as "time-dependent permeability
changes."
One to five experiments were performed for each concentra-
tion of intraperitoneal protamine sulfate tested. The permeabil-
ity derived was expressed as the ratio of that measured in the
same animal during control. Recovery was handled in a similar
manner except time-dependent permeability changes were sub-
tracted. All results are presented as means SEM.
Morphologic studies. The morphologic changes in omentum
induced by various concentrations of intraperitoneal protamine
sulfate were evaluated by thin-section electron microscopy
(EM), freeze fracture, and scanning electron microscopy
(SEM), then compared to control and recovery phases (Ring-
er's lactate dialysate). Fixation was achieved by intraperitoneal
instillation of 2 ml of a 25% glutaraldehyde solution. This
amount of fixative was added to 25 or 30 ml of Ringer's
dialysate present in the peritoneal cavity at the end of the last
protamine cycle. Thirty minutes after the intraperitoneal instil-
lation of the fixative, the abdomen was opened and the omen-
tum was placed in buffered 2% glutaraldehyde for 1 hr. For
freeze fracture, glutaraldehyde-fixed tissue was passed through
graded concentrations of glycerol up to 30% and then frozen on
a Denton FE-3 apparatus at —110°C. For scanning EM,
glutaraldehyde-fixed tissue was critically dried in carbon diox-
ide and splattered with gold at a 45° angle and examined in a
Hitachi® SEM. For thin section transmission of EM, tissue was
postfixed in 1% 0s04, stained in block with a 0.5% uranyl
acetate (pH = 5.1), dehydrated in graded concentrations of
ethanol and embedded in Epon®. Freeze fracture and thin
sections were examined in a Siemens® IA electronmicroscope.
(5) Tissues obtained at control and recovery cycles were handled
similarly. Morphological studies were confined to omentum.
Results
Time-dependent permeability changes. In order to determine
whether peritoneal permeability to 3H-inulin or urea changes
with continued dialysis, peritoneal dialysis was performed in 6
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which happens to be the "nonintegrated" form derived intuitively and
used to calculate K, the composite permeability term in our study.
Application of equation (5) yielded more reproducible and linear values
for K from cycle to cycle than did equation (4), suggesting that backflux
of urea and inulin may not be negligible during a IS-mm cycle.
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Fig. 2. Time-dependent permeability change. Intermittent peritoneal
dialysis with Ringer's-lactate dialysate. In cycles 7, 8, and 9 (inulin, A)
and cycles 8 and 9 (urea, x) there is a slight increase in permeability
(K,) relative to that measured during control cycles I to 3 (Kg).
rats for 9 consecutive 15-mm cycles using protamine-free,
lactated Ringer's dialysate. (Fig. 2.)
Because permeability can vary in each animal, values were
normalized by dividing permeability measured in each cycle
(Kr) by the mean measured in the first 3 cycles, the control
phase (Ku).
In these 6 experiments, permeability measured during the
first 3 cycles (45 mm) corresponds to the 3 initial control
measurements of protamine experiments. Likewise, the aver-
age permeability of cycles 4 to 6 (period 2) and 7 to 9 (period 3)
corresponds to measurements made during protamine exposure
and recovery periods, respectively. As can be seen from Figure
2, K/K was unchanged during the first 6 cycles. In period 3,
permeability to inulin and urea increased by 19.7% and 10.5%,
respectively.
These time-related increments in permeability were regarded
as correction factors and were subtracted from subsequent
mean permeabilities calculated during recovery cycles only.
In order to demonstrate the time sequence of the protamine
experiments a representative study is depicted in Figure 1.
Peritoneal permeability (K) to 3H-inulin (left, Fig. 1) and urea
(right, Fig. 1) were determined in 3 phases: control, protamine,
and recovery. In the control phase (solid circles) the permeabili-
ty to inulin and urea were determined for 3 consecutive, dialysis
cycles by summing and plotting VCd/C — (Cd12) for each 15-
mm cycle. Note the linear relationship yielding a slope, K, of
0.56 mI/mm for inulin and 0.93 mI/mm for urea. Subsequently, 3
dialysis cycles were performed after the intraperitoneal instilla-
tion of 50 sg/ml of protamine sulfate (solid triangles). During
this phase permeability to inulin increased to 0.71 mI/mm, and
permeability to urea increased to 1.38 mI/mm. Three recovery
cycles, corrected for time-dependent changes, are shown by
broken lines connecting solid squares. Permeability to inulin
has recovered nearly to the control values by the last cycle, but
permeability to urea remains slightly increased.
Peritoneal permeability to inulin and urea measured in 26
experiments during the control phase was 0.29 0.04 and 0.75
0.06 mI/mm, respectively. Note that the rat peritoneum is
approximately 2.6 times more permeable to urea than to inulin.
There was a poor correlation between permeability (K) and
the peritoneal surface area when the latter is assumed to equal
body surface area (BSA), calculated by weight312J X 10(13). In
his studies on the human, Henderson has also noted a poor
correlation between BSA and peritoneal permeability [14J.
A total of 19 peritoneal dialysis experiments were performed
using concentrations of protamine and sulfate ranging from 5 to
100 xg/ml in the dialysate. Figure 3 demonstrates the relation-
ship between intraperitoneal protamine concentration and the
resulting change in permeability expressed as a ratio KproamineI
Kcontroi.
Each point in Figure 3 represents either a single experiment
or the mean SEM of 2 to 5 experiments.
Note that the effect of protamine on peritoneal permeability
to urea and inulin follows 2 different patterns. At low concentra-
tions, between 5 and 20 p.g/ml, protamine decreases permeabili-
ty to inulin without significantly altering permeability of urea.
At intermediate concentrations, 30 to 75 .g/ml, protamine
induces approximately a 50% increase in permeability to urea
with a smaller, approximately 20%, increment in inulin perme-
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Fig. 3. Dose-response relationship. On the ordinate, permeability
measured after intraperitoneal exposure to protamine (K,,,,,,,,,,,,,J is
expressed as a fraction of permeability measured during the control
phase The intraperitoneal concentration of protamine is given
on the abscissa. Permeability to urea is increased by about 50% at
intermediate concentrations. Permeability to inulin is decreased at low
concentrations and definitely increased at 100 g/ml.
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I
48 Alavi el a!
1.8 - Urea
1.4 -
1.0 —
0.6 -
1.8
1.4 -
1.0 -
j-+ll
Inulin
I
A
20 60 100
Intraperitoneal protamifle, Mg/mi
Fig. 4. Recovery of the peritoneal permeability corrected for time-
dependent changes. There is a partial recovery of permeability to urea
(A) except at high Concentrations of intraperitoneal protamine, (com-
pare Figs. 4 and 3). Permeability to inulin (A) is probably complete up
to 75 gfml but is lost at 100 ig/mI. Krecovery is expressed as a fraction
of that measured in the preceding control phase (Kcontro).
ability. Finally, at 100 gIml, permeability to inulin doubles
(42% higher than control), but there is no additional effect on
permeability to urea.
Peritoneal membrane recovery after protamine exposure. In
order to evaluate whether the protamine effect on peritoneal
permeability is reversible within the time frame of our experi-
ments, the relative permeabilities (Krecovery/Kcontroi) corrected
for time-dependent changes, were plotted against intraperitone-
al protamine concentration. (Fig. 4) Thus the extent to which
permeabilities to urea and inulin recover toward control values
is demonstrated. Although recovery of peritoneal permeability
to inulin appears reasonably complete in most experiments up
to concentrations of 75 g/ml, it becomes clearly lost at 100 p.g/
ml. in contrast, although there is a partial recovery of urea
permeability, this recovery becomes diminished with exposure
to higher concentrations. It is thus shown that the recovery of
the peritoneum from effects of intraperitoneal protamine also
follows different patterns with respect to inulin and urea.
Effects of protamine sulfate on peritoneal morphology. Con-
trol: The morphology of omentum fixed during lactated, Ring-
er's dialysis is shown in thin-section (Fig. 5), scanning (Fig. 6),
and freeze fracture (Fig. 7) electronmicrographs. Note the
presence of several microvilli in the region of cell to cell
attachment. Tight junctions appear well developed and microfil-
aments cluster in submembranous regions and adjacent to the
junction (Fig. 5). The mesothelial cell surface as revealed by
SEM (Fig. 6) appears covered with web-like projections which,
if cut in a longitudinal section, probably appear as microvilli.
Freeze fracture replicas indicate that the intramembranous
Fig. 5. Control: Apical portion of mesothelial cell from omentum. A
tight junction (TJ) separates the peritoneal cavity from a short intercel-
lular space. A few microvilli are seen near the tight junction. Microfila-
ments cluster in the submembranous region especially adjacent to the
tight junction and extend perpendicularly down into the cytoplasm.
(Magnification, x 60,000).
Fig. 6. Control: Scanning electronmicrograph of the peritoneal surface
of omentum. Individual cells are covered by webbed projections which
probably appear as microvilli in longitudinal sections, as in Figure 5.
(Magnification, x 1,500).
aspect of omental tight junctions consist of 6 to 8 strands
aligned in a regular meshwork (Fig. 7).
Effect of protamine. Exposure to dialysate containing 50 to 75
g protamine sulfate induces a partial smoothing of the outer
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Fig. 7. Control: freeze fracture replica of a tight junction from
omentum. Microvilli (MV) are observed on the apical surface. About 5
to 7 junctional fibrils (PF face) are arrayed in an interconnecting
meshwork. The depth of this junction averages 0.52 m. (Magnifica-
tion, x60,000).
cell surface, particularly evident in the scanning electronmicro-
graph (Fig. 8). In thin section, cytoplasmic microfilaments
appear less evident but tight junctions remain intact (Fig. 9).
Exposure to dialysate containing 100 g/ml protamine sulfate
is associated with further smoothing of the cell surface. Only
fine knob-like projections are apparent (Fig. 10). Although most
cells appear joined, in focal areas large intercellular gaps are
particularly notable in scanning EM (Fig. 10). The intramem-
branous aspect of occluding junctions revealed by freeze frac-
ture indicate that strands are more disorganized, spread apart,
and perhaps the junctional depth is decreased. Focal breaks in
individual strands are also observed (Fig. 11). Gap junctions are
prominent in omentum exposed to 100 .tg/m1 protamine (Figs.
11, 12B). This high frequency of gap junctions was not evident
in control tissue. The significance of this finding is unknown.
Although intracellular morphology is not grossly altered, some
mitochondria did appear swollen with the loss of cristae (Fig.
l2A).
Recovery following exposure to protamine concentrations of
50 or even 100 p.g/mI show a return toward normal surface
architecture as shown by scanning EM (Fig. 13) although
apparent discontinuities in the cell to cell attachment may still
exist in focal regions.
In summary, the major morphologic change induced by
protamine is a dose-dependent reversible cell surface modifica-
tion. At high concentrations, focal discontinuities are observed
in tight junctional regions as seen in surface views (SEM) and in
the intramembranous organization of tight junctional strands
(freeze fracture).
Discussion
In peritoneal dialysis, the peritoneum itself acts as a selective
membrane. Morphologically, the omentum consists of a single
Fig. 8. Intraperitoneal prolandne, 75 jig/mi. A scanning electronmicro-
graph demonstrates a relatively smoother peritoneal surface with less
webbing and more isolated microvilli than in control. (Magnification,
xl,350).
layer of squamous-like mesothelial cells resting on a collagen
matrix containing blood and lymph vessels, elastic fibers,
fibrocytes and, histiocytes [15, 16, 17]. As a point of fact, in
regions not encircling the gut, 2 diametrically-polarized meso-
thelial cell layers exist in a sandwich-type array on each side of
the matrix. In thin-section electronmicrographs, microvilli mea-
suring up to 0.1 ji in length, are found on the free or apical
surface of mesothelial cells. Although the surface density of
these microvilli is sparse, omental microvilli and adjacent,
submembranous regions have an internal, cytoskeletal ultra-
structure not dissimilar to that found in resorptive epithelia [5].
With respect to solute transport across the peritoneal mem-
brane, several potential driving forces have been hypothesized:
(1) Diffusion and/or ultrafiltration according to concentration or
pressure gradients; and (2) Pinocytosis [18]. The significance of
this mechanism for bulk, small molecule movement is doubtful.
There is no evidence to support an active mechanism for driving
solute across the peritoneum in either direction.
Excluding the extracellular lacunal area, the typical region of
the peritoneal membrane consists of several potential perme-
ability barriers: First, the capillary and capillary basement
membrane may offer some resistance to the movement of large
molecules such as proteins. Second, an unstirred interstitial
space might also retard diffusion of even smaller molecules
because of its lineal dimensions. But if analogy can be made
with epithelial membranes, the mesothelial cell layer is likely to
be a major rate-limiting diffusion barrier [19]. Because mesothe-
hal cells appear to be joined together by tight or occluding
junctions [5], it seems likely that this junctional belt forms an
uninterrupted barrier separating the peritoneal cavity from the
interstitium via a short, intercellular space. Thus, the mesothe-
hal cell layer consists of 2 potential pathways; transcellular and
paracellular.
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Fig. 9. Intraperitoneal protamine, 75 pgIml. The tight junction (TJ) is intact. Loss of submembranous microfilament structure following protamine
exposure was consistently observed, at least in focal areas. The collagen matrix (CM) is seen at the bottom. (Magnification, x45,000).
Fig. 10. Protamine, 100 pg/ml. Scanning electronmicrograph. Note cell
to cell separation and smooth surface with short ,nicrovilli. The web-
like appearance of surface projections has disappeared. In most regions
(not shown) no cell separation was observed. (Magnification, x 1,500).
There is some direct evidence that the paracellular region
may be the principal pathway for the transport of ionic mole-
cules. Michel, using microelectrode surface mapping, conclud-
ed that variations in electrical potential along frog mesentery
from point to point, are due to low resistance sites possibly over
junctional regions although these sites were not visually con-
firmed. He concluded that the major diffusional path is between
Fig. 11. Protamine, 100 p.gIml. intramembranous structure of tight
junction revealed by freeze fracture. A stubby ,nicrovillus (MV) is
labeled to indicate peritoneal surface. Some junctional strands (PF
face) are discontinuous (arrows). Also, the number of strands (4 to 5)
appear less than in control. A small gap junction (GJ) is noted within
fibrillar meshwork. The depth of this junction averages 0.46 m.
(Magnification, x 60,000).
the mesothelial cells rather than through their cytoplasm and
membranes [20].
Several physiological studies suggest that the peritoneal
membrane is a mosaic consisting of small and large pore
populations. Arturson concluded that because Dextran mole-
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Fig. 12. A. Intraperitoneal protamine, 100 ig/ml. Low-power, thin-
section elecironmicrograph of 2 adjacent, omental, mesothelial cells
joined by a tight junction. Microvilli are rare. Swollen mitochondria (M)
were seen only after peritoneal exposure to 100 pig/mI. (Magnification,
x 24,000). B. Two large gap junctions (GJ) bridge intercellular spaces
between two mesothelial cells. Cytoplasmic microfilaments appear
short and thickened. (Magnification, x60,000).
cules of 10,000 to 90,000 daltons have significant clearance
across rabbit peritoneum, there are at least 2 potential pore
populations. Most of the surface is made up of pores of 15 to 20
A (effective radius), while another population of pores of 70 A
constitutes the remaining 0.0 1% of the pore surface area [4]. It
has been estimated from diffusional transfer studies using 86Rb
and 32P-orthophosphate as markers, that the surface area
occupied by the pores is approximately 0.6% of the macroscop-
ic area of the peritoneal membrane [12]. It was assumed that
these markers diffused paracellularly. Cotran and Karnovsky
[21] demonstrated the passage of horseradish peroxidase
(40,000 daltons) through tight junctions of rat mesothelia when
this electron, opaque marker was initially injected intraperito-
neally.
Although we cannot state that the mesothelial layer is the
only rate-limiting barrier, our data suggest that protamine
sulfate applied to the peritoneal surface allers permeability
probably by acting on 2 different pathways. Inferences on this
dual site of action can be made by the observed differences in
the protamine dose-response relationship obtained for urea and
3H-inulin. At low concentrations, less than 20 pg/ml, the
composite permeability to 3F1-inulin decreases but permeability
to urea was unaltered. Because inulin probably crosses the
peritoneal membrane exclusively via a paracellular pathway,
this decrement in permeability may be due to a decrease in
tight junctional permeability similar to the response seen in the
Necturus gallbladder [101. A small molecular probe such as urea
can pass both paracellularly and transcellularly. With respect to
the peritoneal surfaces, the macroscopic area of the mesothelial
cell membrane is considerably larger than the surface area
projection of the tight junction. It is therefore likely that most
urea molecules diffuse transcellularly. For this reason, pertur-
bation of tight junctional permeability is unlikely to result in a
measurable change in permeability to urea.
At intermediate concentrations, 30 to 75 i.gIml, protamine
enhances peritoneal membrane permeability as evidenced by a
50 10% increase in permeability to urea and a slight, 20
15% increase in permeability to inulin. Because permeability to
urea increases more than permeability to inulin, protamine at
intermediate concentrations appears to have a predominant
effect on the cell membrane. This conclusion is supported by
morphologic observations showing (1) smoothing of the outer
cell surface with a loss of microvilli, and (2) intact tightjunctions. When the concentration of intraperitoneal protamine
-
"
 
'4
. 
S 
-
 
4,
 
\,.
 4 
I; 
B-
52 Ala vi ci a!
Fig. 13. Recovery after peritoneal exposure to prota,nine, 100 ig/,nl.
The smooth surface of mesothelial cells persists, but tight junctional
integrity has been largely reestablished except in some regions where
small dark recesses may still indicate cell separation (arrows). (Magnifi-
cation, xl,500).
is raised to 100 ig/ml, permeability to inulin suddenly increases
without an additional change in permeability to urea probably
due to an abruptly-compromised, junctional integrity. Again,
morphologic observations support this interpretation. With
SEM some but not all junctions appear disrupted and gross cell
separation is apparent in focal areas. Some junctional strands in
freeze fracture replicas appear discontinuous and in areas only
1 or 2 strands separate the intercellular space from the peritone-
al cavity. We cannot be certain that these changes in strand
orientation and/or integrity are responsible for the increased
permeability to inulin because disrupted junctions are unlikely
to be observed by freeze fracture.
Recovery of permeability to urea is partial, following a
pattern of progressive loss with increasing concentrations of
intraperitoneal protamine. Permeability to inulin recovered
completely up to a concentration of 75 g/ml. At 100 i.g/ml, the
protamine effect on permeability to inulin is clearly not revers-
ible within the time frame of these studies. This difference in the
recovery pattern between urea and inulin provides additional
support for the hypothesis that protamine exerts its effect at 2
different sites—the apical, mesothelial cell membrane and the
tight junction.
Several researchers have used a variety of vasoactive agents
in an attempt to increase peritoneal blood flow and, therefore,
peritoneal solute clearance [1, 2, 3]. These studies were based
on the rationale that an increment in total or regional peritoneal
blood flow induced by various vasoactive agents would result in
increased solute delivery and, therefore, maintenance of a high
blood to dialysate concentration gradient. Alternatively, the
recruitment of collapsed peritoneal capillaries has been pro-
posed as a means of increasing the total surface area available
for diffusional exchange 1221.
Although most vasoactive drugs which have been tested
result in a variable, up to 20%, increment in peritoneal perme-
ability, their effect on peritoneal capillary blood flow was not
measured. In one study where measurement of capillary blood
flow in rat cecal mesothelium was observed by closed-circuit
television microscopy, it was shown that sodium nitroprusside
shortened the time to maximal capillary dilatation following
exposure to an acetate dialysate [23], These authors also
observed that clearances of the larger molecules increased
proportionally more than that of smaller molecular weight
solutes, leading them to hypothesize that nitroprusside has an
effect on membrane permeability, independent of a change in
blood flow. Several vasoactive agents alter peritoneal perme-
ability only when instilled into the peritoneal cavity and not
when given intravenously [24]. These agents may, therefore,
have other actions which could conceivably alter peritoneal
permeability, such as stimulation of mesothelial intracellular
cAMP [25, 26], which in turn could affect cell membrane [271 or
paracellular permeability [281. One, therefore, may conclude
that both the actual mechanism and sites of action of the various
pharmacologic agents in effecting peritoneal membrane perme-
ability remain speculative.
It is doubtful that intraperitoneal protamine alters capillary
flow. In the rat kidney, infusion of protamine does not increase
renal blood flow [9]. Also, the biphasic action of protamine is
difficult to reconcile with a primary effect on the capillary flow.
Protamine sulfate is a positively-charged, polycationic pro-
tein with a molecular weight of 5,000 and an isoelectric point of
approximately 11. It has been shown that when rat glomeruli
are perfused with polycationic proteins, the following morpho-
logic changes occur in the epithelial cell [7, 8]: (1) Formation of
tight-like junctions, (2) displacement of slit-pore diaphragms,
and (3) disappearance of foot processes. There is also an
increased glomerular permeability to plasma proteins [9]. Mor-
phologic changes are ameliorated by pretreatment with cyto-
chalasin B, an agent which depolymerizes microfilaments [7].
In the Necturus gallbladder, a leaky epithelium, protamine in
low concentrations (< 50 p.g/ml) reversibly increases transepi-
thelial resistance and potential difference while lengthening the
depth of tight junctions and distorting the microvilli [10]. Both
responses in glomeruli and in Necturus gallbladder might be
mediated through the submembranous cytoskeleton which is
intimately related to the organization and function of certain
intrinsic and extrinsic intramembranous proteins [29, 30]. We
might speculate that protamine interacts and neutralizes fixed-
negative charges on the surface of the mesothelial cell mem-
brane resulting in increased permeability. Fixed-charge neutral-
ization may also directly or indirectly alter microfilament
attachment to intramembranous, tight-junctional strands result-
ing in altered-tight junctional permeability. In vitro, protamine
does induce actin (microfilament) polymerization [31].
This action of intraperitoneal protamine may have biologic
significance from several viewpoints: (1) The permeability of
the peritoneal membrane may be altered by surface interaction
with a polycationic protein; (2)Assuming inulin diffuses primar-
ily paracellularly and urea moves mainly through the transcellu-
tar pathway, our data suggest that protamine affects both
pathways depending on its intraperitoneal concentration; and
(3) Although we have no direct proof, we suggest that perme-
ability changes induced by protamine may be mediated through
the cytoskeleton of the mesothelial cell.
Protamine-induced changes in rat peritoneum 53
We can only speculate on the potential clinical implications of
intraperitoneal protamine in peritoneal dialysis. From a positive
viewpoint, both a small and middle molecule clearance is
augmented in the rat model provided the proper concentration
is used. But our data also suggest that clinical usefulness may
ultimately be restricted by incomplete reversibility, particularly
when higher intraperitoneal concentrations of protamine are
employed.
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